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Negative surge generation above a smooth PVC invert - Flow conditions: Q = 0.0254 m3/s, do = 
0.155 m, h = 0.055 m, t = to, to + 0.77 s (Left to right) 
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ABSTRACT 
In an open channel, the operation of a gate is associated to the lowering of the water level on one 
side with the generation of a negative surge. Herein some physical modelling of rapid gate opening 
was studied under controlled flow conditions in a relatively large size facility. The gate opening 
induced a negative surge propagating upstream in the canal. Detailed free-surface and velocity 
measurements were performed with three types of roughness. All the experiments were repeated 25 
times and the results were ensemble-averaged. The propagation of negative surges appeared to be 
gentle and barely perceptible, although relatively large and rapid free-surface fluctuations and 
instantaneous velocity fluctuations were recorded beneath the negative surge, together with large 
turbulent Reynolds stress levels. For all bed configurations, the data of surge leading edge celerity 
showed a characteristic trend with an asymptotical value of (U+Vo)/(g×do)1/2 = 1 independently of 
the bed roughness. The results implied that the bed roughness had little effect on the surge celerity, 
within the experimental flow conditions. 
 
Keywords: Negative surges, Physical modelling, Bed roughness, Free-surface measurements, 
Unsteady turbulent mixing, Velocity measurements, Reynolds stresses, Ensemble-average. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A flow cross-section area (m2); 
B free-surface width (m); 
C celerity (m/s) of a small disturbance in a shallow water: C = dg   in a rectangular 
channel; 
DH hydraulic diameter (m), also called equivalent pipe diameter; 
d water depth (m) measured above the invert; 
dADV water depth (m) at ADV location; 
do initial steady flow water depth (m) measured at x = 5 m; 
Fr Froude number locally defined as: 
 
dg
VFr  ; 
f Darcy-Weisbach friction factor; 
g gravity acceleration: g = 9.80 m/s2 in Brisbane QLD, Australia; 
H total head (m); 
h initial undershoot gate opening (m); 
K hydraulic conductivity (m/s); 
k permeability (m2); 
ks equivalent sand roughness height (m); 
Mo Morton number; 
P pressure (Pa); 
PE potential energy per surface area (J/m2) of the free-surface fluctuations relative to the 
ensemble mean; 
Q water discharge (m3/s); 
Re Reynolds number; 
Rs free-surface radius (m) of curvature; 
Sf friction slope: 
 
x
HSf 
  
So bed slope: So = sin; 
t time (s); 
U celerity (m/s) of negative surge leading edge for an observer standing on the bank, 
positive upstream; 
V 1- mean flow velocity: V = Q/A; 
 2- instantaneous velocity component (m/s); 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous transverse velocity component (m/s); 
Vz instantaneous vertical velocity component (m/s); 
Vo initially steady depth-averaged flow velocity (m/s); 
 vi 
V  ensemble-average median velocity component (m/s); 
v turbulent velocity fluctuation (m/s): v = V - V ; 
vx longitudinal turbulent velocity fluctuation (m/s); 
vx' standard deviation (m/s) of the longitudinal velocity component; 
vy transverse turbulent velocity fluctuation (m/s); 
vz vertical turbulent velocity fluctuation (m/s); 
x longitudinal distance (m) positive downstream, with x = 0 at test section upstream end; 
xADV ADV sampling location (m); 
xGate longitudinal co-ordinate (m) of the tainter gate (xGate = 11.12 m herein); 
y transverse co-ordinate (m) positive towards the left sidewall; 
z vertical co-ordinate (m) positive upwards, with z = 0 at the bed; 
 
d decile difference (m): d = d90-d10; 
tmax time lag (s) between the surge leading edge passage and the occurrence of maximum 
free-surface fluctuation; 
Tij time delay (s) between the passage of negative surge leading edge and the occurrence of 
maximum shear stress ij)max; 
V decile difference (m/s): V = V90-V10; 
 dynamic viscosity (Pa.s) of water; 
η water elevation (m) relative to the mean water level; 
 angle between channel bed and horizontal; 
 water density (kg/m3); 
 surface tension between air and water (N/m); 
ij Reynolds stress tensor component (Pa): ij = ×vivj; 
ij)max maximum Reynolds stress tensor component (Pa) during the negative surge passage; 
o boundary shear stress (Pa); 
o) critical boundary shear stress (Pa) for sediment motion onset; 
 
Subscript 
ADV flow properties at ADV sampling location; 
eq uniform equilibrium flow conditions; 
max maximum free-surface fluctuations; 
median median value of the ensemble-average data set; 
o initial flow conditions; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left; 
z vertical direction positive upwards; 
10 flow properties corresponding to the 1st decile; 
90 flow properties corresponding to the 9th decile; 
 
 vii 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter; 
PVC Polyvinyl chloride; 
RMA rubber mat configuration A; 
RMB rubber mat configuration B. 
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1. INTRODUCTION 
In a channel, a sudden increase in water depth associated with a sharp discontinuity at the bore front 
is called a positive surge. A sudden decrease in water depth is called a negative surge and its 
leading edge is characterised by a gentle change in free-surface elevation. A negative surge may 
occur upstream of an opening gate, as well as downstream of a closing gate (Fig. 1-1) 
(HENDERSON 1966, LIGGETT 1994, REICHSTETTER and CHANSON 2013a). Negative surges 
are commonly observed in water supply channels during the operation of regulations gates (Fig. 1-
2). Some geophysical examples include the ebb tide flow in macro-tidal estuaries, the rundown of 
swash waters (Fig. 1-3) and the retreating waters after maximum tsunami runup (Fig. 1-4). During 
the 26 December 2004 and 11 March 2011 tsunami disasters, visual and video observations showed 
a large amount of damage, including sediment scour, caused by the negative surge during the 
retreating tsunami waters and associated turbulent mixing (TANAKA et al. 2012). Figures 1-3 to 1-
4 show a number of man-made geophysical applications impacted by negative surges. 
Negative surges may be analysed using the Saint-Venant equations and the method of 
characteristics in channels of relatively simple geometry. The Saint-Venant equations are one-
dimensional unsteady open channel flow equations characterising the variations in space and time 
of the water depth d and flow velocity V: 
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where x is the longitudinal co-ordinate positive downstream, A is the flow cross-section area, B is 
the free-surface width, g is the gravity acceleration, So is the bed slope and Sf is the friction slope 
(HENDERSON 1966, LIGGETT 1994, CHANSON 2004). The Saint-Venant equations may be 
transformed into a characteristic system of equations. 
  22eq FrFr8fgdt ))2Fr(C(d   along CVdtdx    (1-3) 
  22eq FrFr8fgdt ))2Fr(C(d   along CVdtdx    (1-4) 
where C is the celerity of a small disturbance (C = (g×d)1/2), Fr = V/C is the Froude number, f is the 
Darcy-Weisbach friction factor assumed constant independent of time, Freq = Veq/Ceq and the 
subscript eq refers to the uniform equilibrium conditions. The characteristic system of equations 
(Eqs. (1-3) & (1-4)) may be solved analytically. Several textbooks present the complete solutions in 
prismatic rectangular channels (HENDERSON 1966, MONTES 1998, STURM 2001, CHANSON 
2004). Experimental studies of negative surges include the free-surface measurements of FAVRE 
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(1935), and the unsteady velocity data of REICHSTETTER and CHANSON (2013a). Numerical 
modelling studies are more numerous (TAN and CHU 2009, REICHSTETTER and CHANSON 
2013b), albeit restricted by the limited amount of detailed validation data sets. 
In this report, a physical study is presented with a focus on the unsteady turbulent mixing during 
negative surge propagation, including the effects of bed roughness. Detailed measurements were 
performed in a relatively large facility equipped with three types of bottom roughness together with 
fine temporal and spatial resolutions. Free-surface measurements were conducted and the results 
were ensemble-averaged. Unsteady velocity measurements were performed and ensemble-
averaging was applied to the data to deduce the Reynolds stresses. A key feature of this new study 
was the systematic investigation of the effects of bed roughness. 
 
 
Fig. 1-1 - Definition sketch of negative surges induced by gate operation: upstream surge 
propagation (Left) and downstream surge propagation (Right) 
 
(A) Fully-opened radial gates along the Toyohashi-Tahara aqueduct, Toyohashi City (Japan) on 26 
November 2008 
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(B) Vertical sluices (Vannage de Bouayé) in Vendée (France) on 7 August 2008 
Fig. 1-2 - Regulation gates along water supply channels 
 
      
(A, Left) Terasawa beach, Enshu coastline (Japan) on 23 November 2001  
(B, Right) Main Beach, North Stadbroke Island (Australia) on 21 December 2002 
Fig. 1-3 - Rundown of swash waters along beaches - Note the glassy surface left after the rundown 
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(A) Aerial view Minamisanriku township and Hachiman River mouth, Miyagi Prefecture (Japan) on 
12 March 2011 (Source: Reuters/Kyodo) - The gate at the river mouth (bottom right, white colour) 
caused a major obstacle during the retreat of the tsunami waters, thus causing severe erosion around 
the gate and river mouth (H. TANAKA, Pers. Comm., 2013) 
 
(B) Aerial view of the tsunami-stricken coastal region near Aceh, Sumatra, Indonesia on 4 January 
2005 (U.S. Navy photo by Photographer's Mate 3rd Class Tyler J. CLEMENTS) - Note Lhongka 
cement factory in background 
Fig. 1-4 - River mouth erosion and damage after tsunami water retreat 
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2. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
2.1 PRESENTATION 
Physical models are commonly used in hydraulic engineering to optimise a structure and to ensure a 
sound operation of the open channel system. In a physical model, the flow conditions must be 
similar to those in the prototype: that is, a similarity of form, of motion and of forces. In most 
hydraulic engineering applications, the physical model is a smaller-size representation of the 
prototype, and thus scale effects might take place. 
In a dimensional analysis, the relevant parameters include the fluid properties and physical 
constants, the channel geometry and initial flow conditions, and the unsteady flow properties. 
Considering the simple case of a negative surge propagating in a rectangular, horizontal channel 
after a sudden and complete gate opening, a dimensional analysis yields: 
 U,V,V,V,P,d zyx  =  ...,,,g,k,B,V,d,t,z,y,xF soo1   (2-1) 
where d is the flow depth, P is the instantaneous pressure at a location (x, y, z) and time t, Vx, Vy, 
Vz are respectively the instantaneous longitudinal, transverse and vertical velocity components, U is 
the celerity of the negative surge leading edge, x is the coordinate in the flow direction, y is the 
horizontal transverse coordinate measured from the channel centreline, z is the vertical coordinate 
measured from channel bed, t is the time, do and Vo are the initial flow depth and velocity 
respectively, B is the channel width, ks is the equivalent sand roughness height of the bed, g is the 
gravity acceleration,  and  are the water density and dynamic viscosity respectively, and  is the 
surface tension between air and water. Equation (2-1) expresses the unsteady flow properties (left 
handside terms) at a point in space (x, y, z) and time t as functions of the initial flow conditions, 
channel geometry and fluid properties. 
Some basic considerations show that the relevant characteristic length and velocity scales are 
respectively the initial flow depth do and velocity Vo. Based upon the -Buckingham theorem, 
Equation (2-1) may be expressed in dimensionless terms: 
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Equation (2-2) describes the dimensionless unsteady turbulent flow properties at a position and time 
as functions of a number of dimensionless parameters, or -terms, including the Froude number 
(5th term), the Reynolds number (6th term) and the Morton number (9th term): 
 42
3
4
2
ReFr
WegMo 
  (2-3) 
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which is a combination of the Froude, Reynolds and Weber numbers. The -Buckingham theorem 
states that any dimensionless number can be replaced by a combination of itself and other 
dimensionless numbers (LIGGETT 1994, FOSS et al. 2007). Herein Equation (2-2) is shown in 
terms of the Morton number and the Weber number should not be considered. The Morton number 
is an invariant in most hydraulic model studies because both laboratory and full-scale prototype 
flows use the same fluids, i.e. air and water, under the same gravity acceleration. Note that the 
effects of surfactants and biochemicals on the negative surge flow properties were neglected in the 
above developments. 
In a geometrically similar model, a true dynamic similarity is achieved only if each dimensionless 
parameter has the same value in both model and prototype. Scale effects may exist when one or 
more -terms have different values between the model and prototype. In free-surface flows 
including negative surges, the gravity effects are important and a Froude similitude is commonly 
used (NOVAK and CABELKA 1981, CHANSON 1999). Herein a Froude similitude was applied 
and the experiments were conducted in a large size facility operating at large Reynolds numbers. 
These conditions may correspond to a 1:3 to 1:10 scale study of the channels shown in Figures 1-2 
and 1-4, thus ensuring that the extrapolation of the laboratory data to prototype conditions is 
unlikely to be adversely affected by scale effects. 
 
2.2 EXPERIMENTAL FACILITY 
New experiments were conducted in a relatively large size horizontal rectangular flume at the 
University of Queensland. The channel was 12 m long 0.5 m wide. It was made of smooth PVC bed 
and glass walls. The waters were supplied by a constant head tank feeding a large intake basin (2.1 
m long, 1.1 m wide, 1.1 m deep) leading to the test section through a bed and sidewall convergent. 
A tainter gate was located next to the downstream end x = xGgate = 11.12 m (1) where x is the 
distance from the channel upstream end (Fig. 2-1). The channel ended with a free overfall at x = 12 
m. This channel was previously used by DOCHERTY and CHANSON (2012) and KHEZRI and 
CHANSON (2012a,b, 2013). 
The water discharge was measured with an orifice meter that was designed based upon the British 
Standards (British Standard 1943) and calibrated on site with a V-notch weir. The percentage of 
error was expected to be less than 2%. In steady flows, the water depths were measured using rail 
mounted pointer gauges. The unsteady water depths were recorded with a series of acoustic 
displacement meters. A Microsonic™ Mic+25/IU/TC unit was located at x = 11.25 m immediately 
downstream of the tainter gate. Further seven acoustic displacement meters Microsonic™ 
                                                 
1 The upstream end of the gate was exactly at x = 11.12 m (Fig. 2-1B). 
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Mic+25/IU/TC were spaced along the channel at x = 10.9 m, 10.6 m, 10.3 m, 8 m, 6.5 m, 5 m and 
3.5 m. Some information on the sensor characteristics is reported in Table 2-1. The acoustic 
displacement meters were calibrated against the pointer gauges in steady flows. 
In steady and unsteady flows, the velocity measurements were conducted with an acoustic Doppler 
velocimeter Nortek™ Vectrino+ (Serial No. VNO 0436) equipped with a three-dimensional side-
looking head (Fig. 2-2). The velocity range was 1.0 m/s and the sampling rate was 200 Hz. The 
data accuracy was 1% of the velocity range. The ADV was set up with a transmit length of 0.3 mm 
and a sampling volume of 1.5 mm height. Both the acoustic displacement meters and acoustic 
Doppler velocimeter were synchronised within ± 1 ms, and they were sampled simultaneously at 
200 Hz using a high-speed data acquisition system USB NI 6212 BNC. 
The translation of the ADV probe in the vertical direction was controlled by a fine adjustment 
travelling mechanism connected to a MitutoyoTM digimatic scale unit. The error on the vertical 
position of the probe was z < 0.025 mm. The accuracy on the longitudinal position was estimated 
as x < ± 2 mm. The accuracy on the transverse position of the probe was less than 1 mm. Herein 
all the measurements were taken on the channel centreline since the earlier work of KOCH and 
CHANSON (2005,2009) showed little transverse differences but close to the sidewalls where the 
side-looking ADV unit may be adversely affected by the sidewall proximity (CHANSON et al. 
2007). 
Additional information was obtained with some digital still cameras PanasonicTM DMC-FX36 and 
PentaxTM K-7, and video camera SonyTM HDR-XR160E (50fps, resolution: 1920p×1080p). Several 
photographs of the experiments are presented in Appendix A. 
 
Table 2-1 - Characteristics of the ultrasonic acoustic displacement meters 
 
Characteristic Microsonic 
Mic+25/IU/TC 
Microsonic 
Mic+35/IU/TC 
Units 
Accuracy 0.18 0.18 mm 
Response time 50 70 ms 
Ultrasonic frequency 320 400 Hz 
Wave length (at 20 C) 1.1 0.9 mm 
Detection zone radius at operating range 22 37.5 mm 
Blind zone : 30 60 mm 
Operating range 250 350 mm 
Maximum range : 350 600 mm 
 
Reference: MicrosonicTM webpage {http://www.microsonic.de} 
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(A) Experimental channel and instrumentation mounting 
 
(B) Dimensioned sketch of the tainter gate 
Fig. 2-1 - Sketch of the experimental facility 
 
2.3 ACOUSTIC DOPPLER VELOCIMETRY AND DATA PROCESSING 
The acoustic Doppler velocimeter (ADV) operation is based on the Doppler shift effect. The 
velocity measurements are inferred from the Doppler shift measurements of particles in a remote 
sampling volume (VOULGARIS and TROWBRIDGE 1998, McLELLAND and NICHOLAS 
2000). For each velocity component sample, the ADV system records the level of signal strength, 
correlation value and signal-to-noise ratio. These parameters are indicative of the quality and 
reliability of velocity measurements (McLELLAND and NICHOLAS 2000, CHANSON 2008). 
Past and present experiences demonstrated some recurrent issues because the ADV signal outputs 
9 
combined the effects of velocity fluctuations, Doppler noise, signal aliasing, turbulent shear and 
other errors (LEMMIN and LHERMITTE 1999, GORING and NIKORA 2002, CHANSON et al. 
2007,2008, DOROUDIAN et al. 2007, DOCHERTY and CHANSON 2010). 
For all experiments, the present experience highlighted some problems with the velocity data, 
including low correlations and low signal to noise ratios. Initially this was primarily caused by 
some inadequate seeding of the channel water. Hence the channel was seeded thereafter with a 
dilution of spherical glass powder (2), of approximately 100 g of glass powder diluted in 5 litres of 
water for every hour of channel operation. The glass bead solution was introduced in the intake 
structure and was dispersed progressively with time. 
 
          
(A, Left) General view of the ADV unit and acoustic displacement meter located above the 
sampling volume 
(B, Right) Sketch of the ADV side-looking head 
Fig. 2-2 - Acoustic Doppler velocimeter 
 
The post processing of the ADV data was conducted with the software WinADVTM version 2.028 
using a similar method to KOCH and CHANSON (2009), CHANSON (2010) and 
REICHSTETTER and CHANSON (2013a). In steady flows, the ADV post processing included the 
removal of communication errors, the removal of average signal to noise ratio data less than 5 dB 
                                                 
2 Sphericel hollow glass spheres manufactured by Potters industries (Laverton VIC 3028, Australia). 
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and the removal of average correlation values less than 60%. In addition, the phase-space 
thresholding technique developed by GORING and NIKORA (2002) and implemented by WAHL 
(2003) was used to remove spurious points in the data set. In unsteady flow conditions, the above 
post-processing technique was not applicable (NIKORA 2004, Person. Comm., CHANSON 
2008,2010, KOCH and CHANSON 2009). The unsteady flow post-processing was limited to a 
removal of communication errors, and it is acknowledged that the vertical velocity component Vz 
data might be affected adversely by the bed proximity for z < 0.030 m. 
 
2.4 BED CONFIGURATIONS AND CHARACTERISTICS 
Three types of bed roughness were tested. Some experiments were performed with the smooth PVC 
invert. For other experiments, the smooth PVC channel bed was covered with a series of industrial 
rubber floor mats for 0.075 < x < 11.10 m. The rubber mats consisted of square patterns (Fig. 2-3). 
They were cut to the channel width and laid on the PVC. Each side of the rubber mats was tested: 
configurations A and B (Fig. 2-3). The configuration B corresponded to the conventional floor mat 
setting, allowing some continuous gaps between the PVC and rubber floor. Herein the water depths 
were measured above the top of the rubber mats, that is z = 0 as shown in Figure 2-3. On rough 
walls, the effective origin of the boundary layer is not known (PERRY et al. 1987). In line with 
studies of d-type roughness (DJENIDI et al. 1999), the assumption of z = 0 at the top of the mats 
was used and it was supported by visual observations suggesting zero to negligible flow motion 
through the mats themselves. 
The hydraulic roughness of the PVC invert and rubber mat configurations was tested for a range of 
steady flow conditions. The gradually-varied flow profiles were recorded in the fully-developed 
flow region for steady flow rates ranging from 0.006 to 0.030 m3/s.The bed shear stress was 
deduced from the measured free-surface profiles and estimated friction slopes (3). The estimates of 
Darcy-Weisbach friction factor f for the PVC bed ranged from 0.020 to 0.050, corresponding to 
mean equivalent sand roughness height ks = 1 mm. The equivalent Darcy friction factor of the 
rubber mat sheets was fmatA = 0.09 to 0.18 (Config. A) and fmatB = 0.05 to 0.09 (Config. B) (Fig. 2-
4). The results were basically independent of Reynolds number, but they were correlated to the 
equivalent sand roughness height by the Colebrook-White formula for fully-rough turbulent flows: 
 14.1
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where DH is the equivalent pipe diameter (IDELCHIK 1994). Equation (2-1) is shown in Figure 2-4 
                                                 
3 The friction slope Sf is the slope of the total head line. Sf is related to the Darcy-Weisbach friction factor f 
by: Sf = f×V2/(2×g×DH) where DH is the equivalent pipe diameter (HENDERSON 1966, CHANSON 2004). 
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and compared with the experimental data. On average, the data yielded fmatA  0.13 (Config. A) and 
fmatB  0.007 (Config B) corresponding to an equivalent sand roughness height ks = 39 mm (Config. 
A) and 12 mm (Config. B) on average. Such equivalent rugosity heights were comparable to the  
protuding element heights and rubber mat thickness (Fig. 2-3). 
With the rubber mat configuration B (Fig. 2-3B), some seepage flow was observed through the 
rubber mat floor and the hydraulic conductivity of the material was tested. The results yielded a 
hydraulic conductivity K  0.14 m/s and permeability k  1.4×10-8 m2, comparable to the properties 
of crushed rockfill (CHANSON 2009). 
 
 
(A) Rubber mat configuration A - Note the rubber 'spikes' protuding above the vertical origin (z = 
0) 
 
(B) Rubber mat configuration B - The vertical origin (z = 0) was set at the top of the mat 
Fig. 2-3 - Rubber mat configurations 
 
12 
ks/DH
f
0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
Rubber mat Config. A
Rubber mat Config. B
PVC invert
Fully-rough flow
 
Fig. 2-4 - Darcy-Weisbach friction factor data of the rubber mat configurations 
 
2.5 EXPERIMENTAL FLOW CONDITIONS 
The acoustic displacement meters were located at x = 3.5 m, 5.0 m, 6.5 m, 8.0 m, 10.3 m, 10.6 m, 
10.9 m, 11.25 m. The last sensor (x = 11.25 m) was placed immediately downstream of the gate and 
detected the positive surge generated by the rapid gate opening. A video-camera was centered either 
at x = 5.0 m, or x = 10.9 m covering an area including the gate. The ADV unit was mounted at x = 5 
m or 10.9 m, and placed at several elevations z above the bed. At each sampling location, the 
experiments were conducted 25 times and the results were ensemble-averaged. 
Some typical steady flow velocity distributions at x = 5 m are presented in Figure 2-5. The data 
showed some marked difference between the smooth PVC invert and rough bed configurations. 
With both rough beds, the velocity profile was nearly fully-developed at x = 5 m, while it was 
partially-developed (/do  0.46) with the PCV invert (Fig 2-5). Figure 2-5 includes also the vertical 
distribution of the standard deviation vx' of the longitudinal velocity component. The data showed 
the effects of the bed roughness with higher velocity fluctuation levels throughout the water column 
on the rough bed configurations compared to the PVC bed data set (Fig. 2-5). 
For each experimental run, the steady gradually-varied flow conditions were established prior to 
sampling. The ADV and acoustic displacement meters were sampled continuously at 200 Hz. Each 
experiment was repeated 25 times and the data were ensemble-averaged following BRADSHAW 
(1971), KOCH and CHANSON (2009) and CHANSON and DOCHERTY (2012). It is 
acknowledged that the ensemble was small. The main statistical parameters were the median and 
difference between the 9th and first deciles. The median is more useful than the mean when there 
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are extreme values, including experimental errors, in the data set because the median is not affected 
by the extreme values, as long as less than half the data is affected. 
The negative surge was produced by opening rapidly and totally the tainter gate (Fig. 2-1B). The 
gate was operated manually and the total opening times were less than 0.15 to 0.2 s. Such an 
opening time was small enough to have little effect on the negative surge propagation (LAUBER 
1997). After the rapid gate opening, the gate was fully opened and did not intrude into the flow as 
sketched in Figure 2-1B. The experimental flow conditions are summarised in Table 2-2 where Q is 
the initially steady flow rate, do and Vo are the initial flow depth and depth-averaged velocity 
recorded at x = 5 m, and h is the initial tainter gate opening. 
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Fig. 2-5 - Dimensionless vertical distributions of time-averaged longitudinal velocity and velocity 
standard deviation at x = 5 m in the steady flow conditions - Data comparison between PVC invert 
and rubber mat configurations A and B - Flow conditions: Q = 0.0345 m3/s, do = 0.21 m 
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Table 2-2 - Experimental investigations of negative surges 
 
Reference Q Bed 
roughness 
h do U 

 oo dV Instrumentation 
 (m3/s)  (m) (m) (m/s)   
REICHSTETTER 
and CHANSON 
(2013a,b) 
0.020 
& 
0.030 
PVC 0.030 
to 
0.050 
0.10 to 
0.26 
0.25 
to 
0.91 
(1) 
4.0×104 & 
6.0×104 
Video imagery 
 0.020 PVC 0.030 0.24 0.91 
(1) 
4.0×104 Acoustic displacement 
meters & ADV 
Vectrino+ 
Present study 0.025 PVC 0.045 
to 
0.070 
0.107 
to 0.23
0.5 to 
1.25 
(2) 
5.0×104 Acoustic displacement 
meters & ADV 
Vectrino+ 
 0.035  0.075 
to 
0.090 
0.128 
to 
0.181 
0.53 to 
0.94 
6.8×104  
 0.025 Rubber 
mat config. 
A 
0.060 
to 
0.073 
0.156 
to 
0.222 
1.01 to 
1.41 
5.0×104 Acoustic displacement 
meters & ADV 
Vectrino+ 
 0.035  0.085 
to 
0.092 
0.180 
to 
0.210 
0.83 to 
1.11 
6.8×104  
 0.025 Rubber 
mat config. 
B 
0.060 
to 
0.070 
0.15 to 
0.23 
0.81 to 
1.09 
5.0×104 Acoustic displacement 
meters & ADV 
Vectrino+ 
 0.035  0.080 
to 
0.082 
0.18 to 
0.197 
0.95 to 
1.04 
6.8×104  
 
Notes: Q: initial steady flow rate; So = 0: horizontal bed slope; do, Vo: initial flow depth and depth-
averaged velocity recorded at sampling location; U: celerity of negative surge leading edge positive 
upstream measured at (1) x = 6 m or (2) x = 5 m. 
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3. BASIC FLOW PATTERNS 
3.1 PRESENTATION 
Visual, photographic and video observations were performed to investigate the upstream 
propagation of negative surges. All observations showed a steep drop of the water elevation in the 
close vicinity of the gate, immediately after the gate opening (Fig. 3-1 & 3-2). Figures 3-1 and 3-2 
show some series of photographs of gate opening with nearly identical initial flow conditions on 
smooth and rough bed respectively. In Figures 3-1 and 3-2, Q is the initially steady flow rate, do is 
the initial flow depth measured at x = 5 m and h is the undershoot gate opening before rapid 
opening. Further photographic observations are presented in Appendix A. The observations 
highlighted the rapid gate opening (less than 0.2 s) and the negative wave formation. Although 
some surface disturbance was seen immediately following the gate motion, these vanished very 
rapidly and the free-surface profile exhibited a smooth surface, within one second. 
The instantaneous free-surface profile exhibited a smooth shape as the negative surge advanced 
upstream and the free-surface was very flat (Fig. 3-3). Figure 3-3 illustrates the upstream surge 
propagation past the sampling location at x = 5 m. The visual observations indicated the gradual 
lowering of the water surface during the upstream propagation of the surge. At x = 5 m, the passage 
of the negative wave leading edge was barely perceptible (Fig. 3-3). Although hard to observe, the 
gradual lowering of the water depth may be seen in Figure 3-3 using the square grid on the sidewall 
as reference. Similar flow patterns were observed for all types of bed roughness, and further 
photographic observations are reported in Appendix A. 
 
  
(A) t = to       (B) to + 0.77 s 
16 
 
(C) to + 1.35 s 
Fig. 3-1 - Negative surge generation immediately upstream of the gate on a smooth bed - Initial 
flow direction from left to right, surge propagation from right to left - Flow conditions: Q = 0.0254 
m3/s, do = 0.155 m, h = 0.055 m, smooth PVC 
 
  
(A) t = to'      (B) to' + 0.77 s 
 
(C) to' + 1.35 s 
Fig. 3-2 - Negative surge generation immediately upstream of the gate on a rough bed- Initial flow 
direction from left to right, surge propagation from right to left - Flow conditions: Q = 0.0254 m3/s, 
do = 0.156 m, h = 0.073 m, rubber mat configuration A 
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(A) t = to"      (B) t = to" + 0.38 s 
  
(C) t = to" + 0.76 s      (D) t = to" + 1.14 s 
Fig. 3-3 - Upstream propagation of a negative surge on a rough bed at about x = 5 m - Initial flow 
direction from left to right, surge propagation from right to left - Flow conditions: Q = 0.0254 m3/s, 
do = 0.154 m, h = 0.055 m, rubber mat configuration A 
 
3.2 FREE-SURFACE MEASUREMENTS 
During the negative surge, the water depth decreased relatively gradually with time at a given 
location, after the rapid generation phase. The acoustic displacement meters were sampled at 200 
Hz, each experiment was repeated 25 times and the data were ensemble-averaged. Figure 3-4 
presents some typical ensemble-averaged free-surface measurements at several longitudinal 
locations x, where x is the longitudinal distance from the channel upstream end. Note that the last 
sensor (x = 11.25 m) was located downstream of gate. Its signal output highlighted the positive 
surge generated by the rapid gate opening and propagating downstream (Fig. 3-4A). At all other 
locations, the water depth data showed a decrease in water elevation with time once the negative 
surge leading edge reached the sensor. The full data sets are presented in Appendix B. 
All the free-surface data highlighted the gentle free-surface profile at the surge leading edge. The 
free surface measurements showed some surface curvature at the surge leading edge that was more 
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pronounced next to the gate (Fig. 3-4). Further upstream the free-surface slope was quantitatively 
small and the radius of curvature as large, implying that the pressure distributions were quasi-
hydrostatic as reported by REICHSTETTER and CHANSON (2013a). 
For all experiments, the data showed some relatively large free-surface fluctuations during the 
passage of the surge leading edge. Herein the instantaneous free-surface fluctuations were 
quantified in terms of the difference between the ninth and first deciles (d90-d10) of the data 
ensemble at an instant t (Fig. 3-4). For comparison, (d90-d10) would be equal to 2.6 times the 
standard deviation with a Gaussian distribution of the ensemble around its mean (SPIEGEL 1972). 
All the experimental data showed a maximum in free-surface fluctuations (d90-d10)max occurring 
slightly after the passage of the surge leading edge. The maximum free-surface fluctuations tended 
to decrease exponentially with increasing distance from the gate as illustrated in Figure 3-4. Typical 
variations with distance of (d90-d10)max are reported in Figure 3-5, and Figure 3-6 presents some 
typical time lag data tmax between the occurrence of maximum free-surface fluctuations and the 
passage of surge leading edge, where xGate is the location of the tainter gate: xGate = 11.12 m (section 
2.2). 
For all three bed configurations, the maximum free-surface fluctuation (d90-d10)max data showed an 
marked decrease with distance travelled by the surge. For the larger discharge (Q = 0.345 m3/s), the 
data were best fitted by  
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o
max1090
d
x-x
d
)dd(




  (xGate-x)/do > 2  (3-1) 
Some difference was observed between the two flow rates (Fig. 3-5). Typically a larger free-surface 
fluctuation magnitude was observed next to the gate for the largest discharge, while all the data 
tended to similar values further upstream. The experimental data suggested however larger free-
surface fluctuations on the PVC bed than on the rough beds (Fig. 3-5). The result was 
counterintuitive. It might be linked with the additional turbulence production above the rough bed 
concealing the surge generated fluctuations. 
The time lag tmax between the occurrence of maximum free-surface fluctuation and negative surge 
leading edge passage showed a monotonic increase with increasing distance from the gate (Fig. 3-
6). Figure 3-6 shows some typical dimensionless results for both discharges. Generally the 
dimensionless time lag was larger for the larger discharge at a given dimensionless distance from 
the gate. Overall the same trend was observed for all flow rates and bed configurations, and it 
yielded: 
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  (3-2) 
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(A) Smooth PVC invert 
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(B) Rubber mat configuration A (ks = 39 mm) 
Fig. 3-4 - Time variations of ensemble-averaged median free-surface elevations and fluctuations 
(difference between 9th and 1st deciles) (d90-d10) during the negative surge propagation at several 
longitudinal locations - Flow conditions: Q = 0.0345 m3/s, do = 0.182 m, h = 0.075 m - Solid black 
line marks the free-surface elevation at x = 5m 
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(C) Rubber mat configuration B (ks = 12 mm) 
Fig. 3-4 - Time variations of ensemble-averaged median free-surface elevations and fluctuations 
(difference between 9th and 1st deciles) (d90-d10) during the negative surge propagation at several 
longitudinal locations - Flow conditions: Q = 0.0345 m3/s, do = 0.182 m, h = 0.075 m - Solid black 
line marks the free-surface elevation at x = 5 m 
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(A) Q = 0.0254 m3/s     (B) Q = 0.0345 m3/s 
Fig. 3-5 - Longitudinal variation of maximum free-surface fluctuation (d90-d10)max during negative 
surge propagation 
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Fig. 3-6 - Longitudinal variation of the time lag tmax between maximum free-surface fluctuation 
occurrence and surge leading edge passage 
 
3.3 CELERITY OF NEGATIVE SURGE LEADING EDGE 
The celerity of the negative wave leading edge was deduced from a series of photographic, video 
and acoustic displacement meter data. Figure 3-7 presents a typical set of results and all the data are 
regrouped in Appendix C. Both ensemble-averaged and single run data are included. Overall the 
data showed the same distinctive trend for all bed configurations. Immediately after the gate 
opening, the negative wave formed very rapidly and the celerity of its leading edge increased very 
rapidly with distance, reaching maximum dimensionless value (U+Vo)/(g×do)1/2 in excess of two, 
where U is the surge celerity positive upstream and Vo is the initial flow velocity at x = 5 m (Fig. 3-
7). This acceleration phase was associated with some strong disturbance immediately upstream of 
the gate. Further upstream, the negative wave leading edge decelerated and propagated in a more 
gradual manner. Its celerity decreased with distance towards an asymptotical value (U+Vo)/(g×do)1/2 
= 1 for all the bed configurations. 
This asymptotical limit (U+Vo)/(g×do)1/2 = 1 was equal to the analytical solution of the Saint-
Venant equations for a negative surge propagating in a horizontal frictionless channel 
(HENDERSON 1966, CHANSON 2004). In other words, the present findings indicated that the bed 
roughness had no effect on the celerity of the negative surge leading edge, within the experimental 
flow conditions despite the wide range of equivalent sand roughness height tested in the present 
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study. Altogether the present results were consistent with the observations of REICHSTETTER and 
CHANSON (2013b), albeit their experiments were conducted only on smooth PVC invert. 
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Fig. 3-7 - Dimensionless celerity of the negative surge leading edge as function of the distance from 
the gate - Flow conditions: Q = 0.0254 m3/s, do = 0.154 m - Comparison between ensemble-
averaged acoustic displacement meter (ADM) data (25 runs), video data (single run & ensemble-
average (4 runs)), and dSLR data (single run) 
 
3.4 DISCUSSION 
The free-surface data highlighted some relative large free-surface fluctuations (d90-d10) shortly 
during the propagation of the negative surge and these fluctuations must be associated with some 
form of energy. The energy of the free-surface fluctuations is a combination of the potential energy 
due to the water elevation above the ensemble mean level, and the kinetic energy due to the fluid 
motion. In a negative surge, the velocity distributions are complex and the kinetic energy cannot be 
analytically deduced. Instead the potential energy per surface area was estimated as the integral of 
the weight of water above the (ensemble) mean water level times the distance to the centroid 
(LIGGETT 1994) and used herein as a surrogate of the total fluctuation energy. The potential 
energy per surface area PE was estimated as: 
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   1
t
0
2
1090E dt)dd(g2
1P  (3-3) 
where t1 is the negative surge sampling duration. 
Figure 3-8 shows some typical results for all three roughness types. Further data are presented in 
Appendix B. Overall the dimensionless wave energy decreased exponentially with increasing 
distance from the gate for all flow conditions on three bed configurations. While the potential 
energy per unit area data were large close to the gate, the free-surface fluctuation energy tended to 
close results for all three bed configurations further upstream (Fig. 3-8). The present results 
suggested that the bed roughness had little effect on the free-surface fluctuation potential energy 
away from the gate, despite the different roughness heights tested herein. 
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Fig. 3-8 - Potential energy per unit area PE of free-surface fluctuations during negative wave as a 
function of distance from gate - Flow conditions: Q = 0.0345 m3/s, do = 0.18 m 
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4. UNSTEADY VELOCITY MEASUREMENTS 
4.1 PRESENTATION 
A number of instantaneous velocity measurements were conducted upstream of the gate using the 
acoustic Doppler velocimeter (ADV) at relative elevations 0.06 < z/do < 0.89, where z is the vertical 
elevation above the bed, do is the initial water depth at x = 5 m, and x is the longitudinal distance 
from the channel upstream end. At x = 5 m and 10.9 m, the velocity measurements were made for 
25 experimental runs at a number of vertical elevations for 0.06 ≤ z/do ≤ 0.65 and the data were 
ensemble-averaged (Table 4-1). Most measurements were performed at x = 5 m. The second 
location (x = 10.9 m) was immediately upstream of the tainter gate and the data set provided some 
detailed information on the instantaneous velocity field during the early stage of the surge 
generation. The full data sets are presented in Appendix D and the experimental flow conditions are 
summarised in Table 4-1.  
The instantaneous velocity data showed a marked acceleration of the flow as the negative surge 
leading edge passed over the sampling volume (Fig. 4-1 & 4-2). Figure 4-1 presents some typical 
instantaneous velocity data for a single run recorded at x = 5 m and 10.9 m on the smooth PVC bed, 
for identical initial flow conditions and boundary conditions. Figure 4-2 shows some typical results 
at x = 5 m for a rough bed. In Figures 4-1 and 4-2, each graph includes the three velocity 
components (Vx, Vy, Vz) as well as the instantaneous water depth data at x = 5 m, 10.9 m and 11.25 
m, where the latter sensor was located immediately downstream of the gate. Herein Vx is the 
longitudinal velocity component positive downstream, Vy is the transverse velocity component 
positive towards the left sidewall and Vz is the vertical velocity component positive upwards. At the 
location x = 5 m, the data showed the gradual lowering of the water surface associated with the 
acceleration of the flow (Fig. 4-1 & 4-2). All the velocity components tended to show larger 
fluctuations shortly after the passage of the negative surge leading edge: e.g., at t(g/do)1/2  445 in 
Figure 4-1A, and at t(g/do)1/2  400-410 in Figure 4-1B. Next to the gate (x = 10.9 m), the velocity 
acceleration was more pronounced: e.g., in Figure 4-1B, the maximum acceleration (1) was about 
0.1g at x = 10.9 m, compared to 0.01g further upstream at x = 5 m for the same flow conditions. 
Furthermore the vertical velocity data showed some marked negative values during the rapid 
lowering of the free-surface (e.g. t(g/do)1/2  400 in Fig. 4-1B), and the effect was more important 
next to the free-surface. Overall similar results were observed for all elevations and bed 
configurations at both sampling locations. 
 
                                                 
1 Calculated based upon the smoothed data trend. 
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(A) Instantaneous velocity data at x = xADV = 5 m, dADV = 0.205 m, z = 0.088 m, z/dADV = 0.43 
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(B) Instantaneous velocity data at x = xADV= 10.9 m, dADV = 0.210 m, z = 0.088 m, z/dADV = 0.42 
Fig. 4-1 - Instantaneous water depth and velocity components during a negative surge propagating 
above a smooth bed - Flow conditions: Q = 0.0345 m3/s, do = 0.205 m, h = 0.066 m, x = 5 m & 10.9 
m, z = 0.088 m, PVC bed 
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Fig. 4-2 - Instantaneous water depth and velocity components during a negative surge propagating 
above a rough bed - Flow conditions: Q = 0.0345 m3/s, do = 0.195 m, h = 0.084 m, x = 5 m, z/dADV 
= 0.46, rubber mat configuration B 
 
Table 4-1 - Experimental conditions for ensemble-averaged unsteady velocity measurements in 
negative surges (Present study) 
 
Q h Bed do Vo xADV dADV z Note 
(m3/s) (m)  (m) (m/s) (m) (m) (m)  
0.0254 0.045 PVC 0.213 0.239 5.0 0.213 0.0138, 0.0388, 0.088, 0.1288 25 runs 
 0.064 RMA 0.233 0.218  0.233 0.0233, 0.0483, 0.0983, 0.1383 25 runs 
 0.062 RMB 0.202 0.271  0.202 0.0153, 0.0403, 0.0903, 0.1303 25 runs 
0.0345 0.066 PVC 0.205 0.337 5.0 0.205 0.0138, 0.0388, 0.088, 0.1288 25 runs 
 0.084 RMA 0.212 0.308  0.212 0.0233, 0.0483, 0.0983, 0.1383 25 runs 
 0.084 RMB 0.195 0.354  0.195 0.0153, 0.0403, 0.0903, 0.1303 25 runs 
0.0345 0.066 PVC 0.206 0.335 10.9 0.210 0.0138, 0.0388, 0.088 25 runs 
 0.084 RMA 0.221 0.312  0.225 0.0233, 0.0483, 0.0983 25 runs 
 
Notes: dADV: initial water depth at ADV sampling location; do: initial water measured at x = 5 m; 
RMA: rubber mat configuration A; RMB: rubber mat configuration B; Vo: initial flow velocity at x 
= 5 m; xADV: ADV sampling location; z: ADV sampling elevation. 
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4.2 ENSEMBLE-AVERAGED VELOCITY MEASUREMENTS 
At each sampling location listed in Table 4-1, the velocity measurements were performed for 25 
experimental runs and the results were ensemble-averaged. The method is well-suited to rapidly-
varied flows including positive and negative surges (CHANSON and DOCHERTY 2012, 
REICHSTETTER and CHANSON 2013a). The ensemble-averaged velocity data sets were 
analysed in terms of the ensemble-averaged median Vmedian while the instantaneous fluctuations 
were quantified in terms of the difference between the ninth and first deciles (V90-V10) of the data 
ensemble (Fig. 4-3 & 4-4). For comparison, the velocity fluctuation (V90-V10) would be equal to 2.6 
times the standard deviation for a Gaussian distribution of the ensemble around its mean (SPIEGEL 
1972). Figure 4-3 presents some typical results at x = 5 m, and Figure 4-4 shows some data at x = 
10.9 m. 
Overall the results showed that the propagation of the negative surge was associated with some 
longitudinal acceleration, as well as some increase in turbulent velocity fluctuations, at all vertical 
elevations on all three types of bed roughness. The velocity data at different elevations showed that 
the acceleration was comparatively larger in the upper water column (i.e. z/do> 0.38). Close to the 
free-surface, some negative vertical velocity transient observed when the water depth decreased 
rapidly following the passage of the surge leading edge. This transient was clearly seen at x = 10.9 
m (Fig. 4-4) and it was less marked at x = 5 m (Fig. 4-3). Relatively large negative vertical 
velocities were observed during the initial rapid drop in free-surface elevation. Some maximum 
vertical velocity amplitude data are presented in Figure 4-5 and compared with the maximum 
vertical velocity amplitude of the free-surface (d/t). Immediately upstream of the gate (x = 10.9 
m), the maximum vertical velocity amplitudes -(Vz)max/Vo were large, reaching values close to unity 
(Fig. 4-5). The maximum amplitudes were much smaller further upstream at x = 5 m. Further the 
maximum vertical velocity amplitudes decreased with decreasing vertical elevations, tending to 
zero at the invert (z = 0), as expected by the no-flow-through boundary condition for an impervious 
boundary. 
Some distinct peaks in velocity fluctuations were highlighted at higher vertical elevations (z/do  ≥ 
0.039) on all three bed configurations following the passage of the surge leading edge (Fig. 4-3 & 
4-4). For the same vertical elevation, the maximum velocity fluctuations were smaller on the 
rougher beds (rubber mat configurations A and B) compared to those recorded on the smooth PVC 
bed. This might be associated with the higher turbulence levels and additional turbulence 
production above the rough bed concealing the surge generated turbulent fluctuations. 
Next to the gate (x = 10.9 m), the velocity data showed a same trend than that observed at x = 5m.  
Nevertheless the magnitude of the longitudinal acceleration, the turbulent velocity fluctuations and 
the vertical velocity magnitude were larger in terms of the absolute values, in comparison to the 
28 
results at x = 5 m. This is seen by comparing the data between Figure 4-3 (x = 5 m) and Figure 4-4 
(x = 10.9 m). 
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Fig. 4-3 - Ensemble-averaged median water depth dmedian, velocity Vmedian and difference (V90-V10) 
between 9th and 1st deciles at x = 5 m recorded at different elevations during a negative surge - 
Flow conditions: Q = 0.0345 m3/s, do = 0.21 m, x = 5 m - Left: PVC invert, Right: rubber mat 
configuration A - Median velocity data offset vertically by +0.1 for the three upper elevations 
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Fig. 4-4 - Ensemble-averaged median water depth dmedian, velocity Vmedian and difference (V90-V10) 
between 9th and 1st deciles at x = 10.9 m recorded at different elevations during a negative surge - 
Flow conditions: Q = 0.0345 m3/s, do = 0.21 m, x = 10.9 m - Left: PVC invert, Right: rubber mat 
configuration A - Median velocity data offset vertically by +0.2 for the two upper elevations 
 
4.3 TURBULENT REYNOLDS STRESSES 
In a turbulent flow, the Reynolds stress tensor characterises the transport resulting from the 
turbulent motion induced by velocity fluctuations with a subsequent increase of momentum 
exchange. A turbulent stress tensor component equals the fluid density times the cross-product of 
turbulent velocity fluctuations: i.e., ij = ρ×vi×vj where i, j = x, y, z. The turbulent stress ij 
characterises the shear stress on the face dxidxj of an elementary control volume (dx, dy, dz). In a 
rapidly-varied unsteady flow, the velocity fluctuation vi is the deviation between the measured 
velocity and the ensemble-average (BRADSHAW 1978): 
 iii VVv   (4-1) 
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Fig. 4-5 - Maximum negative ensemble-averaged median vertical velocity during the passage of the 
negative surge leading edge - Flow conditions: Q = 0.0345 m3/s, do = 0.21 m, x = 5 m & 10.9 m - 
Comparison with the maximum free-surface vertical velocity d/t 
 
where Vi is the instantaneous velocity component measurement and iV  is the instantaneous 
ensemble median (2) value herein. 
Typical results are shown in Figures 4-6 and 4-7, where the time variations of ensemble-averaged 
median normal and tangential stresses are presented in dimensionless form and compared with the 
ensemble-averaged median water depth. Further results are presented in Appendix E. 
The results showed overall large Reynolds stress magnitudes and rapid fluctuations beneath the 
negative surge. The magnitude of the Reynolds stress tensor components was larger than in the 
initially steady flow. This is illustrated in Figures 4-6 and 4-7. While the boundary shear stress in an 
accelerating flow is lower than that in a steady flow for the same velocity and depth (HE et al. 
2011), the present data showed larger shear stress levels in the accelerating flow than in the initial 
flow. The present findings were observed for all turbulent stress tensor components, for all types of 
bed roughness and at all elevations within the water column, although larger stress levels tended to 
be observed next to the bed (Fig. 4-6 & 4-7). Closer to the free-surface, most Reynolds stresses 
exhibited some distinctive peaks shortly after the passage of the negative surge leading edge (Fig. 4-
                                                 
2 In statistics, the median is more useful than the mean when there are extreme values in the data set because 
the median is not affected by the extreme values, as long as less than half the data set is affected. 
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7) (see discussion). The finding implied some very intense mixing within the water column. The 
peak of Reynolds stresses was not clearly evident next the bed, as seen at z/do=0.07 to 0.11 in 
Figure 4-6. Close to the bed, the data indicated an increase in Reynolds stress amplitudes following 
the negative surge propagation and free-surface elevation lowering. 
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(A, Left) Smooth PVC invert, do = 0.205 m, z/do = 0.067 
(B, Right) Rubber mat configuration A, do = 0.212 m, z/do = 0.011 
Fig. 4-6 - Ensemble-averaged median water depth dmedian and median turbulent stress components 
vx2 and vx×vy next to the bed during a negative surge propagation- Flow conditions: Q = 0.0345 
m3/s, do = 0.21 m, x = 5 m, z  0.02 
 
4.4 DISCUSSION 
The instantaneous ensemble-averaged Reynolds stresses presented typically a maximum shortly 
after the passage of the negative surge leading edge (Fig. 4-7). The maximum shear stress 
component (ij)max and the time delay Tij between the passage of negative surge leading edge and 
the occurrence of shear stress maximum were estimated for all data sets, where ij = ×vivj and i,j 
= x,y,z (App. E). 
The results in terms of time delay T between the passage of negative surge leading edge and the 
occurrence of shear stress maximum were close for all shear stress components, with little 
difference between the type of bed roughness. The averaged data are presented in Figure 4-8 as 
functions of the distance (xGate-x) from the gate, where xGate = 11.12 m. The data are compared with 
the time lag tmax between maximum free-surface fluctuation occurrence and surge leading edge 
passage in Figure 4-8. The comparison indicated a close agreement, suggesting that the maximum 
free-surface fluctuations were linked to the occurrence of maximum shear stress in the water 
column and especially close to the free-surface. Further the data indicated large stresses yy during 
the surge passage indicating three-dimensional turbulent interactions. 
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(A, Left) Smooth PVC invert, do = 0.205 m, z/do = 0.628 
(B, Right) Rubber mat configuration A, do = 0.212 m, z/do = 0.652 
Fig. 4-7 - Ensemble-averaged median water depth dmedian and median turbulent stress components in 
the upper water column during a negative surge propagation- Flow conditions: Q = 0.0345 m3/s, do 
= 0.21 m, x = 5 m, z  0.13 m 
 
For the present data set, maximum instantaneous shear stress medians of up to 5 to 25 Pa were 
recorded, independently of the bed roughness (App. E). However much larger instantaneous stress 
levels were observed as illustrated in Figure 4-9 comparing the median stress data with the 9th 
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decile of the ensemble. The experimental data showed maximum normal stress data in excess of 
100 Pa and maximum tangential stress amplitude larger than 50 Pa. These results implied that the 
negative surge has the potential to scour a natural mobile bed made of fine grained sediments. For 
comparison, the Shields diagram predicts a critical shear stress for non-cohesive sediment motion 
onset of about (o)c = 0.1 to 0.5 Pa for fine sand particles with sizes between 0.1 and 1 mm (GRAF 
1971, JULIEN 1995). The measured Reynolds stress levels were one to three orders of magnitude 
larger than the critical threshold (o)c for sediment transport. The results indicated that, at the 
laboratory scale, the negative surge could scour fine sediment particles and advect them 
downstream into suspension during the acceleration phase. In a practical application, such as a 
water supply channel, mobile bed erosion may occur when the surge leading edge propagates 
upstream, before the particles are entrained downstream in the accelerated rundown flow. The 
process might be applied to remove sediments in silted canals. 
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Fig. 4-8 - Longitudinal variation of the average time lag T between maximum shear stress 
occurrence and surge leading edge passage - Comparison with the time lag tmax between maximum 
free-surface fluctuation occurrence and surge leading edge passage 
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Fig. 4-9 - Time variation of the water depth and normal stress ×vx×vx during the negative surge 
leading edge passage - Comparison between the instantaneous ensemble-averaged median and 9th 
decile normal stress ×vx×vx - Flow conditions: Q = 0.0345 m3/s, do = 0.205, x = 5 m, z = 0.1288 
m, PVC bed 
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5. CONCLUSION 
The unsteady turbulent flow induced by a negative surge propagating upstream in a canal was 
investigated experimentally in a series of new laboratory experiments performed in a relatively 
large rectangular channel. Both unsteady free-surface profile and turbulent velocity characteristics 
were measured for a negative surge generated by a rapid gate opening. Three types of bed 
roughness were tested systematically: smooth PVC and two rough bed configurations. All 
measurements of free-surface and velocity components were repeated 25 times and the results were 
ensemble-averaged. The data were analysed in terms of the instantaneous median and fluctuations 
of free-surface elevation and velocity components. 
The propagation of the negative surge was gentle and smooth visually, but very close to the gate. 
Relatively large free-surface fluctuations and turbulent velocity fluctuations were recorded beneath 
the leading edge of the negative surge. The free-surface fluctuations and the energy of free-surface 
fluctuations decreased exponentially with increasing distance from the gate, for all flow conditions 
on three bed configurations. The time delay between the occurrence of maximum free-surface 
fluctuations and passage of surge leading edge was observed to increase monotonically with 
increasing distance from the date. It was found further to be comparable to the time delay for the 
occurrence of maximum Reynolds stresses. The finding suggested that the maximum free-surface 
fluctuations were closely linked to the occurrence of maximum shear stress in the water column 
especially close to the free-surface. 
For all bed configurations, the data of surge leading edge celerity showed a characteristic trend, 
with a rapid acceleration immediately following the gate opening, followed by the deceleration of 
the leading edge surge celerity towards and asymptotical value: (U+Vo)/(g×do)1/2 = 1 independently 
of the bed roughness. The results implied that the bed roughness had no effect on the surge celerity 
within the experimental flow conditions. 
The experimental data showed a rapid acceleration of the flow beneath the negative surge. Large 
and rapid fluctuations in all instantaneous velocity components were observed during the passage of 
the negative surge leading edge. The flow acceleration reached 0.1×g about 0.35 m upstream of the 
gate, and was about 0.01×g at 6.12 m upstream of the gate. The instantaneous Reynolds stress data 
showed large fluctuations during the passage of the negative surge. The unsteady turbulent stress 
magnitudes were significantly larger than in the initially steady flow. The unsteady turbulent mixing 
led to large shear stress levels capable of scour the mobile channel bed made of fine grained 
materials. While a series of rapid gate opening is a well-known method to desilt a channel, at least 
close to the gate, the present results suggested that the negative surge remains a challenging 
unsteady flow and its turbulence properties are complicated. 
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APPENDIX A - PHOTOGRAPHS OF NEGATIVE SURGE EXPERIMENTS 
A.1 PRESENTATION 
Visual observations of negative surges were carried out for a wide range of flow conditions in a 
relatively large size rectangular flume at the University of Queensland. The channel was 12 m long 
0.5 m wide. It was made of smooth PVC bed and glass walls. Three types of bed roughness were 
tested. Some experiments were performed with the smooth PVC invert. For other experiments, the 
smooth PVC channel bed was covered with a series of industrial rubber floor mats for 0.075 < x < 
11.10 m where x is the longitudinal distance from the channel intake. The rubber mats consisted of 
square patterns (Fig. A-1) and the mats were cut to the channel width and laid on the PVC. Each 
side of the rubber mats was tested: configuration A and B (Fig. A-1). 
This appendix shows a detailed photographic documentation of the experiments. All photographs 
were taken with a digital camera Pentax K7. 
 
Notation 
do initial steady flow water depth (m) measured at x=5m; 
h initial tainter gate opening (m) before rapid opening; 
Q water discharge (m3/s); 
t time (s); 
x longitudinal distance from the channel upstream end (m); 
 
Subscript 
o Initial flow conditions. 
 
  
(A) General view of rubber mat configurations A (Left) and B (Right) - On the right, the square 
holes are 27 mm by 27 mm 
A-2 
 
 
(B) Side views of rubber mat configurations A (Top) and B (Bottom) 
Fig. A-1 - Rubber mat configurations A and B 
 
Fig. A-2 - Overview of the downstream channel section with tainter gate (Right) and acoustic 
displacement meters (ADMs) - Flow direction from left to right 
 
Fig. A-3 - Acoustic Doppler velocimeter (ADV) and acoustic displacement meter (ADM) located at 
x = 5 m 
A-3 
  
  
  
  
Fig. A-4 - Visual observations of negative surge next to the gate (x = 11.12 m) at Q = 0.0254 m3/s, 
do = 0.154 m, h = 0.055 m, smooth PVC invert; from top to bottom then left to right t = 0, 0.19, 
0.38, 0.57, 0.76, 0.95, 1.14, 1.33 s - Lens Voigtlander Nokton 58mm f1.4, shutter speed 1/50 s 
 
A-4 
  
  
  
  
Fig. A-5 - Visual observations of negative surge next to the gate (x = 11.12 m) at Q = 0.0345 m3/s, 
do = 0.182 m, h = 0.075 m, rubber mat configuration A; from top to bottom then left to right t = 0, 
0.19, 0.38, 0.57, 0.76, 0.95, 1.14, 1.33 s - Lens Voigtlander Nokton 58mm f1.4, shutter speed 1/50 s 
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Fig. A-6 - Visual observations of negative surge next to the gate (x = 11.12 m) at Q = 0.0254m3/s, 
do = 0.154 m, h = 0.073 m, rubber mat configuration A; from top to bottom then left to right t = 0, 
0.19, 0.38, 0.57, 0.76, 0.95, 1.14, 1.33 s - Lens Voigtlander Nokton 58mm f1.4, shutter speed 1/50 s 
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Fig. A-7 - Visual observations of negative surge at the middle of the channel (5 m < x < 6 m) at Q = 
0.0345 m3/s, do = 0.21 m, h = 0.085 m, rubber mat configuration A; from top to bottom then left to 
right t = 0, 0.19, 0.38, 0.57, 0.76, 0.95, 1.14, 1.33 s - Lens Voigtlander Nokton 58mm f1.4, shutter 
speed 1/50 s 
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Fig. A-8 - Visuals observation of negative surge next to the gate (x = 11.12 m) at Q = 0.0254 m3/s, 
do = 0.22 m, h = 0.06 m, rubber mat configuration B; from top to bottom then left to right t = 0, 
0.19, 0.38, 0.57, 0.76, 0.95, 1.14, 1.33 s - Lens Voigtlander Nokton 58mm f1.4, shutter speed 1/50 s 
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APPENDIX B - ENSEMBLE-AVERAGED FREE-SURFACE 
MEASUREMENTS 
B.1 PRESENTATION 
New negative surge experiments were conducted in a relatively large size rectangular flume at the 
University of Queensland. The channel was 12 m long 0.5 m wide. It was made of smooth PVC bed 
and glass walls. The waters were supplied by a constant head tank feeding a large intake basin (2.1 
m long, 1.1 m wide, 1.1 m deep) leading to the test section through a bed and sidewall convergent. 
A tainter gate was located next to the downstream end x = xGate = 11.12 m (1) where x is the 
distance from the channel upstream end (Fig. B-1). Three types of bed roughness were tested. Some 
experiments were performed with the smooth PVC invert. For other experiments, the smooth PVC 
channel bed was covered with a series of industrial rubber floor mats for 0.075 < x < 11.10 m 
(section 2). 
This appendix presents the ensemble-averaged free-surface measurements of negative surges 
conducted using 8 acoustics displacement meters (ADMs), respectively located at x = 3.5 m, 5 m, 
6.5 m, 8 m, 10.3 m, 10.6 m, 10.9 m and 11.25 m, where x is the distance from the channel upstream 
end. Note that the last sensor (x = 11.25 m) was located immediately downstream of the fast-
opening tainter gate. Negative surges were generated by the rapid opening of the downstream gate 
located at x = 11.12 m. The surges propagated upstream and each experimental run stopped when 
the negative surge leading edge reached the channel intake. Table B-1 summarised the initial flow 
conditions and experimental bed configurations.  
For each experimental flow conditions, the experiment was repeated 25 times and the ensemble-
averaged results were calculated. These included the ensemble averaged median, the 10% percentile 
or 1st decile and the 90% percentile or 9th decile. The difference between the 9th and 1st deciles 
(d90-d10) characterised the free-surface fluctuations of the ensemble. For a Gaussian distribution of 
the ensemble data around the mean, (d90-d10) would be equal to 2.6 times the standard deviation 
(SPIEGEL 1972). 
 
Notation 
d water depth (m); 
do initial steady flow water depth (m) measured at x=5m; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
h initial tainter gate opening (m) before rapid opening; 
ks equivalent sand roughness height (m); 
                                                 
1 The upstream end of the gate was at xGate = 11.12 m. 
B-2 
PE potential energy per surface area (J/m2) of the free-surface fluctuations relative to the 
ensemble mean; 
Q water discharge (m3/s); 
t time (s); 
x longitudinal distance from the channel upstream end (m); 
xGate tainter gate location (m); 
d decile difference (m); 
tmax time lag (s) between the surge leading edge passage and the occurrence of maximum 
free-surface fluctuation 
 dynamic viscosity of water (Pa.s); 
η water elevation (m) relative to the mean water level; 
 water density (kg/m3); 
 
Subscript 
max maximum free-surface fluctuations; 
median median value of the ensemble-average data set; 
o initial flow conditions; 
10 10% percentile of the ensemble-average data set, also called 1st decile; 
90 90% percentile of the ensemble-average data set, also called 9th decile. 
 
Table B-1 - Experimental flow conditions for ensemble-averaged free-surface measurements on 
three bed configurations. 
 
Bed configuration ks Q do h 

 oo dV  
 (m) (m3/s) (m) (m)  
0.0254 0.107 to 0.23 0.045 to 0.070 5×104 Smooth PVC 0.001 
0.0345 0.128 to 0.181 0.075 to 0.090 6.8×104 
0.0254 0.156 to 0.222 0.06 to 0.072 5×104 Rubber Mat A 0.039 
0.0345 0.180 to 0.210 0.085 to 0.092 6.8×104 
0.0254 0.15 to 0.23 0.06 to 0.07 5×104 Rubber Mat B 0.012 
0.0345 0.18 to 0.197 0.08 to 0.82 6.8×104 
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Fig. B-1 - Definition of the experimental channel 
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B.2 ENSEMBLE-AVERAGED MEDIAN WATER ELEVATION AND DIFFERENCE 
BETWEEN NINETH AND FIRST DECILES 
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Figure B-2 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicates the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0254m3/s, do=0.104m, h=0.07m; PVC invert 
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(A) PVC invert, h=0.055m 
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(B) Rubber mat configuration A, h=0.073m 
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(C) Rubber mat configuration B, h=0.07m 
Figure B-3 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicate the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0254m3/s, do=0.154m; three bed configurations 
included 
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(A) PVC invert, h=0.045m 
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(B) Rubber mat configuration A, h=0.065m 
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(C) Rubber mat configuration B, h=0.06m 
Figure B-4 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicate the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0254m3/s, do=0.22m; three bed configurations 
included 
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Figure B-5 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicate the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0345m3/s, do=0.128m, h=0.09m; PVC invert 
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(A) PVC invert, h=0.075m 
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(B) Rubber mat configuration A, h=0.092m 
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(C) Rubber mat configuration B, h=0.082m 
Figure B-6 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicate the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0345m3/s, do=0.182m; three bed configurations 
included 
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(A) Rubber mat configuration A, h=0.085m 
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(B) Rubber mat configuration B, h=0.08m 
Figure B-7 - Time variations of ensemble-averaged median free-surface elevation dmedian and 
difference between 9th and 1st deciles (d90-d10) - Thin solid black line indicate the median free-
surface elevation at x = 5 m - Flow conditions: Q=0.0345m3/s, do=0.21m; two bed configurations 
included 
 
B.3 MAXIMUM FREE-SURFACE FLUCTUATIONS AND WAVE ENERGY 
During the negative surge experiments, the free-surface fluctuation data (Fig. B-2 to B-7) showed 
some maximum free-surface fluctuations (d90-d10)max shortly after the passage of the leading edge of 
the negative surge. These were observed at all longitudinal distances for all bed configurations. In 
this section, the results are summarised in terms of the maximum free-surface fluctuations (d90-
d10)max and the time lag tmax between the surge leading edge passage and the occurrence of 
maximum free-surface fluctuation. 
The energy of the free-surface fluctuations is a combination of the potential energy due to the water 
elevation above the ensemble mean level, and the kinetic energy due to the fluid motion. For the 
negative surge, the potential energy per surface area is equal to the integral of the weight of water 
above the (ensemble) mean water level times the distance to the centroid: 
   1
t
0
2
E dtg2
1P  (B-1) 
where η is the water elevation relative to the mean water level during the surge and t1 is the negative 
surge sampling duration (LIGGETT 1994). Note that Equation (B-1) assumes a two-dimensional 
surge propagation. 
In a negative surge, the classical wave theory results are not valid; the velocity distributions are 
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complex and the kinetic energy cannot be analytically deduced. Instead the potential energy of the 
free-surface fluctuations was calculated and used herein as a surrogate of the total energy. It was 
estimated herein as: 
   1
t
0
2
1090E dt)dd(g2
1P  (B-2) 
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(A) PVC bed 
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(B) Rubber mat configuration A 
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(C) Rubber mat configuration B 
Figure B-8 - Longitudinal variation of maximum free-surface fluctuations (d90-d10)max 
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(A) PVC bed 
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(B) Rubber mat configuration A 
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(C) Rubber mat configuration B 
Figure B-9 - Longitudinal variation of time lag tmax between maximum free-surface fluctuation 
and passage of negative surge leading edge 
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(A) PVC bed 
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(B) Rubber mat configuration A 
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(C) Rubber mat configuration B 
Figure B-10 - Longitudinal variation of potential energy per unit area PE 
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APPENDIX C - CELERITY OF NEGATIVE SURGE LEADING EDGE 
C.1 PRESENTATION 
Negative surge experiments were performed in a 12 m long rectangular flume. A tainter gate was 
located next to the flume downstream end and the surge was generated by the rapid gate opening. 
Three types of bed roughness were tested. Some experiments were performed with the smooth PVC 
invert. For other experiments, the smooth PVC channel bed was covered with a series of industrial 
rubber floor mats for 0.075 < x < 11.10 m (section 2). 
This appendix presents the results of the celerity data of the negative surge leading edge. The data 
were derived from the analyses of ensemble-averaged (1) free-surface measurements performed 
using the acoustic displacement meters, accompanied by instantaneous video observations for some 
flow conditions. The initial flow conditions are summarised in Table B-1 (Appendix B). 
 
Notation 
d water depth (m); 
do initial steady flow water depth (m) measured at x=5m; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
h initial tainter gate opening (m) before rapid opening; 
Q water discharge (m3/s); 
t time (s); 
U celerity (m/s) of negative surge leading edge; 
Vo initially steady flow velocity (m/s); 
x longitudinal distance from the channel upstream end (m); 
xGate tainter gate location (m); 
 
Subscript 
median median value of the ensemble-average data set; 
o initial flow conditions; 
 
Abbreviations 
ADM acoustic displacement meter; 
RMA rubber mat configuration A; 
RMB rubber mat configuration B. 
 
                                                 
1 For each experimental flow conditions, the experiment was repeated 25 times and the ensemble-averaged 
results were calculated. 
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C.2 EXPERIMENTAL RESULTS 
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Figure C-1 - Longitudinal variation of the celerity of negative surge leading edge - Flow conditions: 
Q=0.0254m3/s, do=0.154m; results analysed from both ADM and video data 
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Figure C-2 - Longitudinal variation of the celerity of negative surge leading edge - Flow conditions: 
Q=0.0254m3/s, do=0.22m; results analysed from ADM data 
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Figure C-3 - Longitudinal variation of the celerity of negative surge leading edge - Flow conditions: 
Q=0.0345m3/s, do=0.182m; results analysed from both ADM and video data 
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Figure C-4 - Longitudinal variation of the celerity of negative surge leading edge - Flow conditions: 
Q=0.0345m3/s, do=0.21m; results analysed from both ADM and video data 
 
D-1 
APPENDIX D - ENSEMBLE-AVERAGED VELOCITY MEASUREMENTS 
D.1 PRESENTATION 
The negative surge experiments were conducted in a 12 m long 0.5 m wide horizontal rectangular 
channel. The waters were supplied by a constant head tank feeding a large intake basin (2.1 m long, 
1.1 m wide, 1.1 m deep) leading to the test section through a bed and sidewall convergent. A tainter 
gate was located next to the downstream end (xGate = 11.12 m (1)) where x is the distance from the 
channel upstream end (Fig. D-1). The rapid gate opening generated a negative surge propagating 
upstream as sketched in Figure D-1. Three bed roughness configurations were tested. Some 
experiments were performed with the smooth PVC invert (ks = 1 mm). For other experiments, the 
smooth PVC channel bed was covered with a series of industrial rubber floor mats for 0.075 < x < 
11.10 m where x is the longitudinal distance from the channel intake. The rubber mats consisted of 
square patterns cut to the channel width and laid on the PVC. Each side of the rubber mats was 
tested corresponding to configurations A and B with equivalent sans roughness height ks = 39 & 12 
mm respectively. 
The water discharge was measured with an orifice meter that was designed based upon the British 
Standards (British Standard 1943) and calibrated on site with a V-notch weir. The unsteady water 
depths were recorded with a series of Microsonic™ Mic+25/IU/TC acoustic displacement meters. 
In steady and unsteady flows, the velocity measurements were conducted with an acoustic Doppler 
velocimeter Nortek™ Vectrino+ (Serial No. VNO 0436) equipped with a three-dimensional side-
looking head (Fig. 2-2). For the experiments, the velocity range was 1.0 m/s and the sampling rate 
was 200 Hz. The ADV was set up with a transmit length of 0.3 mm and a sampling volume of 1.5 
mm height. The translation of the ADV probe in the vertical direction was controlled by a fine 
adjustment travelling mechanism connected to a MitutoyoTM digimatic scale unit. The error on the 
vertical position of the probe was z < 0.025 mm. The accuracy on the longitudinal position was 
estimated as x < +/- 2 mm. Herein all the measurements were taken on the channel centreline. 
The post processing of the ADV data was conducted with the software WinADVTM version 2.028 
using a similar method to KOCH and CHANSON (2009), CHANSON (2010) and 
REICHSTETTER and CHANSON (2013a). In unsteady flows, the post-processing was limited to a 
removal of communication errors, and it is acknowledged that the vertical velocity component Vz 
data might be affected adversely by the bed proximity for z < 0.030 m. 
This appendix presented the ensemble-averaged velocity measurements. The velocity measurements 
were performed at two longitudinal locations: x = 5 m and x = 10.9 m. The latter was located very 
                                                 
1 The upstream end of the gate was at x =11.12 m (Fig. 2-1B). 
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close to the gate. For each experimental flow condition and vertical elevation z, the experiment was 
repeated 25 times and the ensemble-averaged results were calculated. These included the ensemble 
averaged median, the 10% percentile or 1st decile and the 90% percentile or 9th decile. The 
difference between the 9th and 1st deciles (d90-d10) characterised the free-surface fluctuations of the 
ensemble. For a Gaussian distribution of the ensemble data around the mean, (d90-d10) would be 
equal to 2.6 times the standard deviation (SPIEGEL 1972). 
Table D-1 summarises the experimental flow conditions. 
 
Notation 
d water depth (m); 
do initial steady flow depth (m) measured at x=5m; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
h initial tainter gate opening (m) before rapid opening; 
ks equivalent sand roughness height (m); 
Q water discharge (m3/s); 
t time (s); 
Vo initially steady flow velocity (m/s) measured at x=5m; 
Vx longitudinal velocity component (m/s) positive downstream; 
Vy transverse velocity component (m/s) positive towards the left sidewall; 
Vz vertical velocity component (m/s) positive upwards; 
x longitudinal distance (m) from the channel upstream end; 
xADV ADV sampling location (m); 
xGate tainter gate location (m); 
y transverse distance (m) from the channel centreline; 
z vertical elevation (m) above the invert; 
V decile difference (m/s): V = V90-V10; 
 dynamic viscosity of water (Pa.s); 
η water elevation (m) relative to the mean water level; 
 water density (kg/m3); 
 
Subscript 
ADV flow properties at ADV sampling location; 
median median value of the ensemble-average data set; 
o initial flow conditions; 
x longitudinal component; 
y transverse component; 
z vertical component; 
10 10% percentile of the ensemble-average data set, also called 1st decile; 
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90 90% percentile of the ensemble-average data set, also called 9th decile; 
 
Abbreviations 
PVC Polyvinyl chloride; 
RMA rubber mat configuration A; 
RMB rubber mat configuration B. 
 
Table D-1 - Experimental flow conditions for ensemble-averaged velocity measurements in 
negative surges on three bed configurations. 
 
Q h Bed do Vo xADV d z (Vx)o Note 
(m3/s) (m)  (m) (m/s) (m) (m) (m) (m/s)  
0.0254 0.045 PVC 0.213 0.239 5.0 0.213 0.0138 0.207 25 runs 
       0.0388 0.245  
       0.088 0.269  
       0.1288 0.280  
 0.064 RMA 0.233 0.218  0.233 0.0233 0.135 25 runs 
       0.0483 0.203  
       0.0983 0.302  
       0.1383 0.306  
 0.062 RMB 0.202 0.271  0.202 0.0153 0.169 25 runs 
       0.0403 0.214  
       0.0903 0.270  
       0.1303 0.288  
0.0345 0.066 PVC 0.205 0.337 5.0 0.205 0.0138 0.296 25 runs 
       0.0388 0.354  
       0.088 0.376  
       0.1288 0.387  
 0.084 RMA 0.212 0.308  0.212 0.0233 0.203 25 runs 
       0.0483 0.290  
       0.0983 0.376  
       0.1383 0.413  
 0.084 RMB 0.195 0.354  0.195 0.0153 0.256 25 runs 
       0.0403 0.334  
       0.0903 0.376  
       0.1303 0.416  
0.0345 0.066 PVC 0.206 0.335 10.9 0.210 0.0138 0.339 25 runs 
       0.0388 0.375  
       0.088 0.382  
 0.084 RMA 0.221 0.312  0.225 0.0233 0.287 25 runs 
       0.0483 0.329  
       0.0983 0.383  
 
Notes: d: initial water depth at ADV sampling location; do: initial water measured at x = 5 m; RMA: 
rubber mat configuration A; RMB: rubber mat configuration B; Vo: initial flow velocity at x = 5 m; 
(Vx)o: time-averaged velocity component at ADV sampling location; xADV: ADV sampling location; 
z: ADV sampling elevation. 
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Fig. D-1 - Definition of the experimental channel 
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D.2 ENSEMBLE-AVERAGED MEDIAN VELOCITY AND DIFFERENCE BETWEEN NINETH 
AND FIRST DECILES AT X = 5 M 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-2 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0254m3/s, 
do=0.21m, h=0.045m; PVC invert; ADV located at x=5m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-3 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0254m3/s, 
do=0.223m, h=0.064m; Rubber mat configuration A; ADV located at x=5m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-4 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0254m3/s, 
do=0.213m, h=0.062m; Rubber mat configuration B; ADV located at x=5m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-5 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0345m3/s, 
do=0.20m, h=0.066m; smooth PVC invert; ADV located at x=5m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-6 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0345m3/s, 
do=0.21m, h=0.064m; rubber mat configuration A; ADV located at x=5m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.1 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-7 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0345m3/s, 
do=0.20m, h=0.084m; rubber mat configuration B; ADV located at x=5m 
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D.3 ENSEMBLE-AVERAGED MEDIAN VELOCITY AND DIFFERENCE BETWEEN NINETH 
AND FIRST DECILES AT X = 10.9 M 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.2 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-8 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0345m3/s, 
do=0.20m, h=0.066m; smooth PVC invert; ADV located at x=10.9m 
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(A) Longitudinal velocity Vx - Vmedian offset by 0.2 for the three higher elevations 
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(B) Transverse velocity Vy - Vmedian offset by 0.1 for the three higher elevations 
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(C) Vertical velocity Vz - Vmedian offset by 0.2 for the three higher elevations 
Figure D-9 - Time variations of ensemble-averaged median velocity component Vmedian and 
fluctuations (difference between 9th and 1st deciles (V90-V10)) - Flow conditions: Q=0.0345m3/s, 
do=0.21m, h=0.084m; rubber mat configuration A; ADV located at x=10.9m 
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APPENDIX E - TURBULENT REYNOLDS STRESS DATA 
E.1 PRESENTATION 
In a turbulent flow motion, the flux of the x-momentum in the y-direction induces some shear stress 
in the x-direction acting on the surface element normal to the y-direction. This stress term is called 
the turbulent Reynolds stress and denoted ρ×vx×vy. More generally the Reynolds stress tensor 
components are denoted ρ×vi×vj where i, j = x, y, z, where the turbulent stress ρ×vi×vj characterises 
the shear stress on the face dxidxj of an elementary control volume (dx, dy, dz). The Reynolds stress 
tensor is a transport effect resulting from turbulent motion induced by velocity fluctuations with its 
subsequent increase of momentum exchange (PIQUET 1999). It is a property of the turbulent flow. 
Herein the instantaneous turbulent stresses were calculated using the ensemble-averaging (EA) 
technique for the experimental flow conditions summarised in Table E-1. That is, a velocity 
fluctuation v was calculated as: 
 VVv   (E-1) 
where V is the instantaneous velocity measurement and V  is the ensemble average median value. 
This appendix presents the turbulent stress data during the propagation of a negative surge. The 
velocity measurements were performed at two longitudinal locations: x = 5 m and x = 10.9 m. For 
each experimental flow condition and vertical elevation z, the experiment was repeated 25 times 
and the ensemble-averaged results were calculated (App. D). 
Table E-1 presents the experimental flow conditions including the time-averaged normal stresses 
and standard deviations of tangential stresses in the initially steady flow. 
 
Notation 
d water depth (m); 
do initial steady flow water depth (m) measured at x=5m; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
h initial tainter gate opening (m) before rapid opening; 
ks equivalent sand roughness height (m); 
Q water discharge (m3/s); 
t time (s); 
Vo initially steady flow velocity (m/s) measured at x=5m; 
Vx longitudinal velocity component (m/s) positive downstream; 
Vy transverse velocity component (m/s) positive towards the left sidewall; 
Vz vertical velocity component (m/s) positive upwards; 
V  ensemble average median velocity (m/s); 
v velocity fluctuation (m/s); 
E-2 
x longitudinal distance (m) from the channel upstream end; 
xADV ADV sampling location (m); 
xGate tainter gate location (m); 
y transverse distance (m) from the channel centreline; 
z vertical elevation (m) above the invert; 
Tij time delay (s) between the passage of negative surge leading edge and the occurrence of 
maximum shear stress ij)max; 
V decile difference (m/s): V = V90-V10; 
 dynamic viscosity of water (Pa.s); 
η water elevation (m) relative to the mean water level; 
 water density (kg/m3); 
ij Reynolds stress tensor component (Pa): ij = ×vivj; 
ij)max maximum Reynolds stress tensor component (Pa) during the negative surge passage; 
 
Subscript 
ADV flow properties at ADV sampling location; 
median median value of the ensemble-average data set; 
o initial flow conditions; 
x longitudinal component; 
y transverse component; 
z vertical component; 
10 10% percentile of the ensemble-average data set, also called 1st decile; 
90 90% percentile of the ensemble-average data set, also called 9th decile; 
 
Abbreviations 
PVC Polyvinyl chloride; 
RMA rubber mat configuration A; 
RMB rubber mat configuration B. 
 
 
Notes to Table E-1 
d: initial water depth at ADV sampling location; do: initial water measured at x = 5 m; RMA: rubber 
mat configuration A; RMB: rubber mat configuration B; Vo: initial flow velocity at x = 5 m; (Vx)o: 
time-averaged velocity component at ADV sampling location; xADV: ADV sampling location; z: 
ADV sampling elevation; oii )vv(  : time-averaged normal stress in the initially-steady flow; 
oji )'vv(  : standard deviation of tangential stress in the initially-steady flow. 
 
E-3 
Table E-1 - Experimental flow conditions for turbulent Reynolds stress measurements in negative surges on three bed configurations. 
 
Q h Bed do Vo xADV d z (Vx)o oxx )vv(   oyy )vv(  ozz )vv(  oyx )'vv(  ozx )'vv(  ozy )'vv(   
(m3/s) (m)  (m) (m/s) (m) (m) (m) (m/s) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) 
0.0254 0.045 PVC 0.213 0.239 5.0 0.213 0.0138 0.207 1.102 0.159 3.441 0.082 0.325 0.255 
       0.0388 0.245 1.301 0.163 3.859 0.083 0.385 0.318 
       0.088 0.269 2.037 0.150 7.317 0.139 0.870 0.458 
       0.1288 0.280 1.860 0.140 6.231 0.150 0.785 0.394 
 0.064 RMA 0.233 0.218  0.233 0.0233 0.135 1.771 0.366 4.572 0.105 0.353 0.240 
       0.0483 0.203 1.214 0.323 4.516 0.112 0.309 0.194 
       0.0983 0.302 1.576 0.264 4.773 0.147 0.962 0.617 
       0.1383 0.306 0.434 0.054 3.014 0.027 0.253 0.130 
 0.062 RMB 0.202 0.271  0.202 0.0153 0.169 1.164 0.228 24.874 0.075 0.626 0.368 
       0.0403 0.214 1.292 0.176 5.024 0.100 0.467 0.315 
       0.0903 0.270 1.237 0.162 9.991 0.083 0.644 0.354 
       0.1303 0.288 0.835 0.063 5.261 0.059 0.414 0.191 
0.0345 0.066 PVC 0.205 0.337 5.0 0.205 0.0138 0.296 1.176 0.194 4.659 0.091 0.420 0.247 
       0.0388 0.354 0.462 0.071 5.279 0.031 0.285 0.111 
       0.088 0.376 0.164 0.023 5.471 0.011 0.165 0.071 
       0.1288 0.387 0.205 0.023 5.509 0.014 0.197 0.077 
 0.084 RMA 0.212 0.308  0.212 0.0233 0.203 2.219 0.606 3.813 0.211 0.592 0.420 
       0.0483 0.290 2.038 0.562 3.022 0.173 0.536 0.281 
       0.0983 0.376 0.910 0.194 11.157 0.071 0.366 0.182 
       0.1383 0.413 0.389 0.065 4.762 0.026 0.177 0.071 
 0.084 RMB 0.195 0.354  0.195 0.0153 0.256 1.959 0.341 7.720 0.164 0.850 0.445 
       0.0403 0.334 1.603 0.270 8.541 0.126 0.715 0.323 
       0.0903 0.376 0.914 0.128 5.335 0.068 0.459 0.191 
       0.1303 0.416 0.472 0.056 4.852 0.045 0.448 0.147 
0.0345 0.066 PVC 0.206 0.335 10.9 0.210 0.0138 0.339 1.067 0.218 5.047 0.102 0.442 0.239 
       0.0388 0.375 0.570 0.221 3.594 0.076 0.273 0.194 
       0.088 0.382 0.240 0.040 3.092 0.020 0.183 0.078 
 0.084 RMA 0.221 0.312  0.225 0.0233 0.287 1.810 0.591 4.216 0.158 0.431 0.315 
       0.0483 0.329 1.533 0.480 4.148 0.166 0.421 0.271 
       0.0983 0.383 1.027 0.232 3.947 0.089 0.356 0.193 
 
E-4 
E.2 EXPERIMENTAL RESULTS AT X = 5 M 
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Figure E-1 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0254 m3/s, do = 0.21 m, h = 0.045 m, smooth PVC invert, z/do = 0.004 (left) and 0.586 (right); 
ADV located at x=5m - Note that tangential stress ρvyvz is offset by +0.5 
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Figure E-2 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0254 m3/s, do = 0.223 m, h = 0.064 m, rubber mat configuration A, z/do = 0.004 (left) and 0.586 
(right); ADV located at x=5m - Note that tangential stress ρvyvz is offset by +0.5 
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Figure E-3 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0254 m3/s, do = 0.213 m, h = 0.062 m, rubber mat configuration B, z/do = 0.004 (left) and 0.586 
(right); ADV located at x = 5m - Note that tangential stress ρvyvz is offset by +0.5 
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Figure E-4 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0345 m3/s, do = 0.20 m, h = 0.066 m, smooth PVC invert, z/do = 0.004 (left) and 0.586 (right); 
ADV located at x = 5 m - Note that tangential stress ρvyvz is offset by +0.5 
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Figure E-5 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0345 m3/s, do = 0.21 m, h = 0.084 m, rubber mat configuration A, z/do = 0.004 (left) and 0.586 
(right); ADV located at x = 5 m - Note that tangential stress ρvyvz is offset by +0.5 
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Figure E-6 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0345 m3/s, do = 0.20 m, h = 0.084 m, rubber mat configuration B, z/do = 0.004 (left) and 0.586 
(right); ADV located at x = 5 m 
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E.3 EXPERIMENTAL RESULTS AT X = 10.9 M 
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Figure E-7 - Time variations of ensemble-averaged Reynolds stresses - Flow conditions: Q = 
0.0345 m3/s, do = 0.20 m, smooth PVC invert (left) and rubber mat configuration A (right), z/do = 
0.615; ADV located at x = 10.9 m 
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E.4 MAXIMUM SHEAR STRESSES 
The instantaneous ensemble-averaged Reynolds stresses presented typically a maximum shortly 
after the passage of the negative surge leading edge (Fig. E-1 to E-7). The maximum shear stress 
component (ij)max and the time delay Tij between the passage of negative surge leading edge and 
the occurrence of shear stress maximum were recorded for all data sets, where ij = ×vivj and i,j = 
x,y,z. Table E-2 presents the results based upon the instantaneous data. Note that the time delay Tij 
was estimated based upon the smoothed data sets to minimise any potential bias. 
 
Table E2 - Maximum instantaneous shear stresses beneath negative surges and their occurrence 
(Present study) 
 
Q Bed do xADV dADV z   Maximum stress (1)   
      xx)max yy)max zz)max xy)max xz)max yz)max 
m3/s  m m m m Pa Pa Pa Pa Pa Pa 
(1) (2( (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
0.0345 PVC 0.205 5.00 0.2 0.0138 4.64 0.902 N/A 0.549 3.00 1.68 
0.0345 PVC 0.205 5.00 0.2 0.0388 5.785 0.488 N/A 0.527 2.86 1.50 
0.0345 PVC 0.205 5.00 0.2 0.0888 3.17 0.34 9.804 0.565 2.16 1.50 
0.0345 PVC 0.205 5.00 0.2 0.1288 3.515 0.349 9.198 0.726 4.02 1.60 
0.0345 RMA 0.212 5.00 0.2 0.02334 N/A N/A N/A N/A N/A N/A 
0.0345 RMA 0.212 5.00 0.2 0.04834 N/A N/A N/A N/A N/A N/A 
0.0345 RMA 0.212 5.00 0.2 0.09834 4.42 0.97 N/A 0.741 N/A 1.58 
0.0345 RMA 0.212 5.00 0.2 0.13834 3.90 0.488 14.371 0.534 1.24 1.00 
0.0345 RMB 0.195 5.00 0.2 0.01534 N/A N/A N/A N/A N/A N/A 
0.0345 RMB 0.195 5.00 0.2 0.04034 13.67 1.36 N/A 1.40 N/A 5.70 
0.0345 RMB 0.195 5.00 0.2 0.09034 7.21 0.784 N/A 0.67 7.31 3.03 
0.0345 RMB 0.195 5.00 0.2 0.13034 10.06 0.813 714.28 2.96 10.72 3.61 
0.0345 PVC 0.206 10.90 0.2 0.0138 7.67 N/A N/A 0.317 N/A N/A 
0.0345 PVC 0.206 10.90 0.2 0.0388 4.32 6.84 19.28 -2.13 -1.735 1.34 
0.0345 PVC 0.206 10.90 0.2 0.0888 3.11 0.339 28.49 -0.43 2.44 2.54 
0.0345 RMA 0.221 10.90 0.2 0.0222 5.701 N/A N/A N/A N/A N/A 
0.0345 RMA 0.221 10.90 0.225 0.0472 6.625 1.644 14.12 N/A N/A 1.42 
0.0345 RMA 0.221 10.90 0.225 0.0972 2.82 0.98 25.24 -0.55 2.38 1.24 
 
Notes: N/A: no distinctive peak; (1) instantaneous ensemble-averaged median; (2): Data estimated 
based upon the smoothed instantaneous ensemble-averaged Reynolds stress data sets; Italic: 
suspicious data. 
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Table E2 - Maximum instantaneous shear stresses beneath negative surges and their occurrence 
(Present study) 
 
Q Bed do xADV dADV z   Time delay (2)   
      Txx Tyy Tzz Txy Txz Tyz 
m3/s  m m m m s s s s s s 
(1) (2( (3) (4) (5) (6) (13) (14) (15) (16) (17) (18) 
0.0345 PVC 0.205 5.00 0.2 0.0138 4.84 3.23 N/A 3.38 3.34 4.18 
0.0345 PVC 0.205 5.00 0.2 0.0388 2.53 1.98 N/A 2.65 2.95 2.76 
0.0345 PVC 0.205 5.00 0.2 0.0888 2.65 2.44 2.55 2.30 2.30 2.44 
0.0345 PVC 0.205 5.00 0.2 0.1288 2.19 2.02 2.00 2.08 2.21 2.12 
0.0345 RMA 0.212 5.00 0.2 0.02334 N/A N/A N/A N/A N/A N/A 
0.0345 RMA 0.212 5.00 0.2 0.04834 N/A N/A N/A N/A N/A N/A 
0.0345 RMA 0.212 5.00 0.2 0.09834 2.57 1.79 N/A 2.42 N/A 4.13 
0.0345 RMA 0.212 5.00 0.2 0.13834 2.85 2.19 9.39 2.55 2.67 2.85 
0.0345 RMB 0.195 5.00 0.2 0.01534 N/A N/A N/A N/A N/A N/A 
0.0345 RMB 0.195 5.00 0.2 0.04034 5.57 6.04 N/A 6.59 N/A 5.17 
0.0345 RMB 0.195 5.00 0.2 0.09034 4.25 4.70 N/A 3.66 3.84 4.70 
0.0345 RMB 0.195 5.00 0.2 0.13034 3.36 3.36 7.22 3.36 3.36 3.93 
0.0345 PVC 0.206 10.90 0.2 0.0138 0.61 N/A N/A 0.34 N/A N/A 
0.0345 PVC 0.206 10.90 0.2 0.0388 0.20 0.43 0.35 0.44 0.40 0.35 
0.0345 PVC 0.206 10.90 0.2 0.0888 0.85 0.35 0.95 0.14 0.88 0.30 
0.0345 RMA 0.221 10.90 0.2 0.0222 0.08 N/A N/A N/A N/A N/A 
0.0345 RMA 0.221 10.90 0.225 0.0472 0.46 0.48 0.46 N/A N/A 0.47 
0.0345 RMA 0.221 10.90 0.225 0.0972 1.07 1.10 1.14 0.57 0.95 1.14 
 
Notes: N/A: no distinctive peak; (1) instantaneous ensemble-averaged median; (2): Data estimated 
based upon the smoothed instantaneous ensemble-averaged Reynolds stress data sets. 
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